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ABSTRACT 

The nucleotide sequences of two highly homologous 1-aminocyclopropane-l-carboxylate (ACC) synthase (ACS; EC 
4.4.1.14)-encoding genes, ACS1 and ACS3,  of Arabidopsis thaliana (At) have been determined. The sequence analysis 
shows that ACS3  is a pseudogene representing a truncated version of A C S I .  The missing region of ACS3  corresponding 
to the fourth exon of A C S I  has been shown by Southern analysis to be absent in the A t  genome. The chromosomal 
locations of the five members of the Ai A C S  multigeue family have been determined. The results show that each family 
member resides on a different chromosome. This observation suggests that the ACS3  pseudogene originated by a partial 
inter-chromosomal gene duplication. The ACS 1 polypeptide contains all the conserved and characteristic domains found 
in the ACC synthase isoenzymes from various plant species, bat is unable to express ACS activity in Escherichia coli 

and yeast. The predicted amino-acid sequence of ACSI is missing the highly conserved tripeptide, Thr-Asn-Pro (TNP), 
between Ile z°4 and Set 2°5. Introduction of TNP into ACS1 restores the ACS activity, whereas its removal from the 
enzymatically active ACS2 results in a loss of activity. The results suggest that TNP is crucial for expression of ACS 
activity in E. coll. 

INTRODUCTION 

Ethylene, one of the simplest organic molecules with 
biological activity, is involved in controlling many 
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aspects of plant growth, development and senescence 
(Yang and Hoffman, 1984; Abeles et al., 1992). The 
rate-limiting step in the biosynthesis of ethylene is the 
conversion of S-adenosyl-L-methionine (SAM) to 

t-carboxylate synthase(s); AmT, aminotmnsferase(s); At, Arabidopsis 
thaliana; bp, ba.~e pair(s); eDNA, DNA complementary to RNA; Chx, 
cyclobeximide; IPTG, isopropyl-[~-D-thiogalactopyranoside; kb, kilo- 
base(s) or 1000 bp; nt, nucleotide(s); p, plasmid: PAGE, polyacrylamide- 
gel electrophoresis; PCR, polymemse chain reaction; PLP, pyridoxal 
5'-phosphate: re-, recombinant: RFLP, restriction.fragment length poly- 
morphism; SDS. sodium dodecyl sulfate: TNP, Thr-Asn-Pro tripeptide 
between lie z°4 and Set z°s absent in ACSI; tsp, transcription start 
point(s); UTR, untranslated region; [ ], denotes plasmid-carrier state. 
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1-aminocyc lop ropane - l - ca rboxy l i c  acid  (ACC),  the pre-  

c u r s o r  o f  ethylene,  ca ta lyzed  by  the  enzyme  A C C  syn-  

thase  (SAM-methyl th ioadenos ine- lyase ,  E C  4.4.1.14, 

ACS).  A C C  syn thase  act ivi ty  is h ighly  regula ted  d u r i n g  

p lan t  deve lopment  a n d  is induced  in response to  a wide 

var ie ty  of  env i ronmenta l  st imuli  inc luding  wound ing ,  

anaerobios is ,  viral  infection, a n d  elici tor t rea tment .  

Ethylene  itself, as  well as  o the r  p lan t  ho r raones  such  as  

auxin ,  a re  a lso  k n o w n  to  enhance  ethylene p roduc t i on  

a n d  A C C  syn thase  act ivi ty  (Yang  a n d  Hof fman ,  1984~ 

Abeles et al., 1992). Recent  s tudies  us ing  c loned A C S  

genes f rom several p lan t s  indicate  tha t  the induc t ion  of  

the  enzyme  act ivi ty  is due  to  a n  increase in the a c c u m u l a -  

t ion o f  its m R N A  (Kende ,  1993: Za rembinsk i  a n d  

Theologis ,  1994). Us ing  At,  we have  sough t  to  develop  

exper imenta l  s t rategies  for  genetical ly dissecting the com-  

ponen t s  o f  s ignal  t r an sduc t i on  p a t h w a y s  responsible  for  

the ac t iva t ion  o f  the var ious  A C S  genes (Estelle a n d  
Somerville,  1986). As a first s tep t o w a r d  this goal ,  we 

have  previously  isolated a n d  characterized" the mul t igene  

family e n c o d i n g  A C C  synthase  in At. We have  a lso  shown  

tha t  the gene family consis ts  of  a t  least five divergent  

member s  which  a re  differentially regula ted  du r ing  devel- 

o p m e n t  a n d  in response to  inducers  such  as  auxin ,  Li + 

a n d  cycloheximide  (L i ang  et al., 1992, Abel  et al., 1995). 
Here  we descr ibe the s t ruc tura l  character is t ics  o f  two  

highly  h o m o l o g o u s  A C S  genes,  A C S I  a n d  ACS3  (L i ang  

et al., 1992), a n d  the c h r o m o s o m a l  o rgan iza t ion  o f  the  

five isolated A C $  genes in At.  

RESULTS AND DISCUSSION 

(a) St ructura l  charac ter iza t iou  o f  A C S I  and A C S 3  

We have  previously  isolated five genomic  sequences 

f rom A t  cod ing  for  ACS (L iang  et al., 1992). Restr ict ion 

analys is  o f  genomic  clones a n d  sequence c o m p a r i s o n  o f  

D N A  f ragments  genera ted  b y  P C R  have  revealed tha t  

two  of  the A t  A C S  genes, A C S I  a n d  ACS3,  are  highly  

h o m o l o g o u s  in their  5" region,  a n d  diverge cons iderab ly  

in the  3' a n d  f lanking regions  (L i ang  et al., 1992). Fu r the r  

s t ruc tura l  cha rac te r i za t ion  o f  the A C S i  a n d  ACS3  genes 

have  been car r ied  ou t  us ing the previously  isolated geno-  

mic  clones )~AT-2 (ACSI )  a n d  ~.AT-10 {ACS3) (Fig.  IA). 

The  3340-nt  sequence  o f  A C S I  is s h o w n  in Fig. lB.  The  

in t ron /exon  junc t ions  have  bee.n es tabl ished by  reference 

to  o the r  c loned A C S  genes  a n d  conf i rmed  by  c o m p a r i s o n  

wi th  the sequence  o f  a n  A C S !  e D N A ,  p a A C S I ,  which  

has  been genera ted  b y  P C R  using synthet ic  pr imers  a n d  

a reverse- t ranscr ibed e D N A  template .  The  cod ing  

1467-nt region is in te r rup ted  Ly three  in t rons  a t  pos i t ions  

conserved  in the major i ty  o f  the A C S  genes (Fig.  IB; 

Fig. I. Organization of the ACSI and ACS3 genes. (A} partial restriction maps. The 4.5-kb Sall-EcoRI fragment of XAT-2 an~ the 3.2-kb Sall-EcoRl 
fragment of ~.AT-10 were subeloned into pUCIS, respectively. Dideoxy sequencing of double-stranded DNA of both sube|ones was performed with 
universal and synthetic primers using [3SS]dATP (Sanger et al., 1977) and the modified T7 DNA polymerase. Seqnenase. according to the manufactur- 
ers instructions { US Biochemical). Both strands of the indicated regions of ~.AT-2 (ACSI) and ?,AT-10 {ACS3} were sequenced. The coding regions 
of ACSI are filled blocks and the Y-and Y-UTR are open blocks. The + l and arrow indicate the st~.rt and direction of transcription in ACSI. The 
ACSI and ACS3 genes are aligned according to the nearly identical region which is highlighted with the shaded block. The lines above the ACSI 
gene represent the two PCR-generated probes. I/3a and Ib, used in the genomic Southern analysis shown in Fig. 2. {BI The nt sequence of the ACSI 
gene, including intruns and Y- and 3'-UTR. in comparison with the partial sequence of the ACS3 gene. The highly homologous sequences found in 
both genes are shaded according to the gene structures shown in A. The ACS3 seqnenec contains the entire homologous region and parlial flanking 
sequences, only the nt different from the corresponding ACSI sequence are shown. The ACSI mRNA sequence was defined by comparing the sequence 
of RT-PCR fragments with the genomic sequence. RT-PCR fragments were generated using poI~,'{A)'RNA from Chx-induced At seedlings. 
as a template, and the following amplimers: geneA5' {Y-CATGCCTGCAGGATGTCTCAGGGTGCATGL geneA3' {5'-GTGACGAATTC'IT- 
AAGCTCGAAGCAATGGI. The paACSI cDNA was generated using these PCR amplified fragments, and its sequence is identical to those of the 
ACSI exons except for a single A~9~G change {resulting in no change of the encoded aa). The nt 4. I corresponds to the tsp of ACSI. which has 
been determined by 5'-RACE. The experiment was performed essentially as described by Bahring et al. { 1994) using ACSl-specific primers, YF-2 
{from 4.469 to 4..452) and YF-4 {from +239 to +211} both underlined in Fig. IB, and eDNA generated from poly{A}+RNA isolated from Chx- 
induced At seedlings as template. The nts upstream from the + I position are negatively numbered. The polyadenylation site of ACSI was determined 
by comparison of genomie D~IA sequence with that of the eDNA fragment generated by inverse PCR (Huang et aL 1990} using double-stranded 
circular eDNA as template { Liang et al.. 1992) and primers YF-2 and ACSIsl {from nt +2016 to 4-2022. indicated by underline} as amplimers. The 
mRNA encoded by the ACSI gene is shown in capital letters. The remainder of the sequence is shown in small letters. The derived aa sequence is 
presented in the one-letter code b~:low the nt sequence and is numbered separately. The It boxed residues are the invariant aa conserved among 
various subgruup-i aminotransferases I Rottmann et al., 1991: Mehta et al.. 1993). The underlined dodceapeptide beginning at Scr 27° is part of the 
active center ofACC syn'h:.3e (Yip et al., 1990}. The TATA box and putative polyadenylation signals {AATATAA} are boxed. The translation initiation 
codon IATG} is double underlined. The sequences reported in this paper have been deposited in the EMBL/GenBank database with the following 
accession Nos.: ACSI, U26.542: paACSI, U26543, ACS.L U26544. [C) The aa alignment of the region surrounding the TNP tripeptide from various 
At ACC synthases. The sequences are: AL ACSI (this paper}, ACS2 ( Liang et at.. tq92}. ACS4 (Abel et al., 1995} and ACS5 {Liang et aL unpublished}. 
The corresponding region of the chicken mitochoodr~al aspartate AmT {AspATmc: Graf-Haasner et aL 1983) and the predicted secondary structures 
of the two classes of enzymes are shown at the bottom. TNP is indic~_:ed by arrowheads. Solid circles designate those aa that are invariant in 
subgroup-! AmT. The aa of ACS are numbered based on the ACSI sequence. The secon0ary structure of ACC synthase was obtained by e-mailing 
the protein sequences to "predictprutein@embl-heidelberg.de" (Rest and Sander. 1993). The syllibOlS used for secondary structure are: H, helix; E, 
extended (strand), and blank, rest (loop). 
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Lincoln et al., 1993). The tsp has been determined by 5' 
RACE with poly(A)+RNA from cycloheximide-treated 
At s~vdlings (Liang et al., 1992). The polyadenylation 
site has been established by comparing the 3'-genomic 
,~qnence of ACSI with that of a cDNA fragment gener- 
ated by inverse PCR (Fig. 113; Huang et ai., 1990). The 
5'- and 3'-UTR of the ACS! gone are thus defined as 80 
nt and 112 nt in size, respectively. The ACSI gene encodes 
a protein of 488 aa (55.0kDa, pl  7.2) that has all the 
characteristic features of ACC synthase including the 
well-conserved dodecapeptide in the reaction center (Yip 
et al,  1990) and the invariant 11 aa that are conserved 
among various subgroup-I aminotransferases (Rottmann 
et al., 1991; Mehta ct al., 1993). The homology between 
ACSI and other isolated ACS genes ranges from 49% to 
66% in identity. The sequence of 3158 nt of ACS3, part 
of which is shown in Fig. IB, has also been determined. 
Comparative analysis between ACS1 and ACS3 shows 
that a 1967 nt sequence of ACS3 is almost identical 
(99.6% in identity) to a region of ACSI containing 726 
nt of promoter sequence, entire exons 1, 2 and 3, introns 
1 and 2, and part of intron 3 (Fig. IA,B). 

(b) The defective structure of ACS3 
The nt sequence of ACS3 diverges extensively from 

that of ACSI outside the 1967-nt region (Fig. IB). The 
T-boundary of the homology between the two ends just 
before the junction of intron 3 and exon 4 of the ACSI 

gene (Fig. IB). Sequence analysis of the downstream 
region has not revealed further homology. To examine 
whether the 3' region of ACS3 is present in the At 
genome, two DNA probes have been generated by PCR. 
Probe l/3a corresponds to a region covering the ACSI 
intron 1 and part of exon 2, whereas probe I b corres- 
ponds to the fourth exon which is missing in the ACS3 

sequence (Fig. IA). Genomic Southern analysis using the 
two probes demonstrates that while l/3a hybridizes to 
two genomic DNA fragments corresponding to ACSI 
and ACS3 respectively (Fig. 2A), the lb probe detects 
only the fragment containing ACSI (Fig. 2B). Thus, the 
ACSI exon 4 represents the only copy of the sequence in 
the At genome. This has lead to the conclusion that ACS3 
is a pseudogene representing a truncated version of 
ACS1. 

A B 
kb 

~ 2 1 . 2  

I 
o o=lJ  

~m. ~ 3 . 5  

i 

2.0 
" 1 . 9  
~ 1 . 6  

- - 0 . 9  
- -0 .8  

1 2  1 2  
Fig. 2. Southern analysis. A t  genornic DNA (5 p.g) was digested with 
BamHl+Sall (lane I) and EcoRI+Sall (lane 2). electrophoresed in 
0.8% (w/v) agarose gel, transferred to Nytran membrane (Schleicber & 
Schuell), and hybridized with 32P-labeled I/3a (A) and Ib (B) probes 
(Fig. IA). The size markers shown on the right are ~. DNA digested 
with EcoRI + Hindlll. 

overexpression of ACS5 is toxic to Escherichia coll. We 
were able, however, to obtain ACS5 trarisformants in 
BL21(DE3)[pLysS] or BL21(DE3)[pLysE], in which 
protein production is reduced by T7 ly_~ozyme (Studier 
et al., 1990). Surprisingly, all ACC synthases except ACS 1 
express ACC synthase activity after 6 h of incubation in 
the presence of l mM IPTG (Fig. 3, panel IA). 
Furthermore+ immunoblotting analysis shows that the E. 
coil strain expressing the ACSI cDNA does not accumu- 
late ACSI protein, whereas the ACS2, ACS4, and ACS5 
proteins are readily detectable (Fig. 3, panel III, compare 
lane 2 with lanes 3, 4, and 5, respectively). Sin~ilar results 
were obtained with a lacZ-ACSI fusion using pUCI9 or 
with sIO-ACS1 fusion using the pET system (Studier 
et al., 1990) expressed in various E. coil strains (data 
not shown). 

(c) Expression of ACSI in E. coU 
Four At ACS cDNAs corresponding to ACSI, ACS2, 

ACS4, and ACS5 were cloned into pPOg, a pET derived 
non-fusion type expression vector (Rottmann et al., 1991; 
Studier et ai., 1990) and expressed initially in E. coil 
BL21(DE3) (Studier et al., 1990). However, we were 
unable to obtain transformants with pPO9-ACS5 
using BL2I(DE3) as a host (data not shown). Probably 

(d) Inactivity of ACS~ 
The aa alignment of the four At ACC synthase isoen- 

zymes ACSI (55.0 kDa, pl  7.2), ACS2 (55.5 kDa, pl  7.3), 
ACS4 (53.8 kDa, pl  8.4), and ACS5 (53.3 kDa, pl  7.5) 
shows that the ACSI is missing the tripeptide TNP 
between Ile 2°4 and Ser 2°5 (see Fig. IC). The absence of 
TNP is not due to a cloning artifact because both ti-,~ 
genomic and the cDNA ~equences contain the deletion. 
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Fig. 3. Synthesis of the At ACC synthase isoenzymes in E. coll. Panel 
!: Accumulation of ACC in (A) E. colt BL21 (DE3J[pLysE] expressing 
the isoenzymes ACSI, ACS2, ACS4, ACS5, ACSI+TNP, and 
ACS2-TNP with the pPO9 expression vector, and (B) E. coli 
BL21 (DE3) expressing ACSI and ACSI +TNP with the pET3c expres- 
sion vector. Panel !1 A and B. Coomasie blue stained gels with E. cali 
protein extracts from induced recombinant clones shown in panel IA 
and B, respectively. Panel ![I A a~wI El." lmmunoblotting analysis of 
replica gels as shown in panel IIA and B, respectively° with antibody 
to the tomato isoenzyme LE-ACS2. Methe~ The four At eDNA frag- 
ments paACSI, paACS2, paACS4, and paACS5 were cloned as Ndel- 
BamHl fragments into pPO9 vector. The Ndel site is located at the 
ATG start codon of each eDNA. The recombinant plasmids were intro- 
duced into E. coli BL21(DE3)[pLysE]. The pPO9-ACSI+TNP 
was generated by PCR using ACSI +TNP(5'-CAAAGGCCTGATC- 
ATCACCAACCCATCAAACCCTCTTGG) and the amplimer, ACS- 
IaSB ( 5'-T'rGCAGAGCTCGGATCCTTAAGCTCGA AGCAATG). 
The amplified fragment was digested with StuI+BamHl and ligated 
with the Ndel-Stul fragment of ACSI, then the Ndel-BamHl fragment 
was subcloned into pPOg. For the construction of pPO9- 
ACS2-TNP a Stul site was introduced into the eDNA by PCR. Two 
fragments were generated by PCR: (i) An Ndel-Stul fragment using 
the amplimers ACS2sBN(5'-GGATGAGATCTTCCATATGGGTCT- 
TCCGGGAAAAAATAAAGG) and ACS2aSt(5'-ATCAGGCu/It- 
GAuI II | t IATTGGAC) and Iii) A Stul-Clal fragment with 

The tripeptide T N P  is highly conserved among  all the 
cloned ACS synthases from various plant  species. 
Expression of hy~.rid proteins between ACSI (inactive) 

and  ACS2 (activej reveals that  the hybrids A C S I ( M e t  l- 
Lys'°°)/ACS2(Gly2°2-Ala 4~)  and  ACS2(MetI-Asp217)/ 

ACSI(Arg2t4-AIa 4ss) are enzymatical ly active in E. coil, 

whereas the hybrids ACSI(MetI-Asp2t3)/ACS2(Lys 21s- 
Ala 496 ) and  ACS2(MetI-Lys  2°t )/ACS1 (Gly2°t-Ala4SS) are 

inactive (data not  shown). These results indicate that  the 
region between Gly  TM and Asp 213 of ACSI  is responsible 

for its inactivity. Fo directly demonstra te  tha t  the inactiv- 

i ty of ACSI  is due to the deletion of the tr ipeptide TNP,  

we engineered an ACSI  + T N P  isoenzyme by insert ing 
the tr ipeptide between Ile 2°4 and  Set 2°5. We also ton-  

structed an ACS2 isoenzyme (active), A C S 2 - T N P ,  with- 
out  the conserved tripeptide. The modified isoenzymes 

were expressed in E. coil BL21(DE3) [p l  y sE]  with the 

p P O 9  expression vector, and  the results are shown in 
Fig. 3IA. Deletion of T N P  from ACS2 abolishes its activ- 
ity, whereas addi t ion of T N P  into ACSI  results in very 
low activity. Immunoblo t t ing  experiments show tha t  the 
enzymatical ly active ACS2 and inactive ACS2-TNP 

accumulate  in E. coli, whereas both  ACSI  and 

ACSI  + T N P  are undetectable. These results raised the 

possibil i ty tha t  the ACSI  inactivity may be associated 

with extreme instabii i ty of this isoenzyme in E. coli. 

However,  we subsequently observed that  expression of 
ACSI  + T N P  in a different E. coil strain BL21(DE3)wi th  
a different expression vector (pET3c) resulted in recover- 
ing enzymatic activity compared to ACSI (Fig.3IB). 
Furthermore, immunoblotting experiments show that the 
inactivity of ACS1 is not due to its inability to accumulate 
in E. coli because the polypeptide can be immunodetected 
(Fig. 3IIIB, lane 2). The gain of activity of ACS1 +TNP 
coincides with an enhanced accumulation of the polypep- 
tide in E. coli (Fig. 3IIIB). Furthermore, large accumula- 
tion of degraded ACSI+TNP is also observed 
(Fig. 3IIIB). The data suggest that the tripeptide TNP 

the amplimers ACS2-TNP(5'-CAAAGGCCTGAt l I IGTCAAA- 
TCCACTCGGTACAATG) and ACS2aSB(5'-TTGCAGAGCTCA- 
GATCTTCATGCTCGGAGAAGAGGTG). The amplified fragments 
were ligated and subcloned to Ndel+Clal.cleaved pPO9-ACS2. The 
pET3c expresdon constructs of ACSI and ACS! +TNP were synthe- 
sized by PCR and introduced as BamHl fragments into the vector. The 
PCR-made ACSI+TNP has a G instead of an A 1ms and the 
ACS2-TNP has a C 3as ~ A transversion. Both changes do not affect 
the encoded aa. The ACC accumulation was determined as described 
by Rottmann et al. (1991) except that one Asao unit is assumed to 
correspond to 6x 10 a cells/ml. For 0.1% SDS-10% PAGE analysis, 
total protein extracted from 5x l0 T cells was loaded per lane. 
lmmunoblotting was carried out using the tomato LE-ACS2 antibody 
(Ab) (Ronmann et al., 1991 ) purified through a column containing total 
E. coli proteins (Sambrook et aL, 1989). An alkaline phosphatase- 
conjugated goat anti-rabbit lgG was used as a secondary Ab. 
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may be a stability determinant because its addition to 
ACS1 enhances the amount of the isoenzyme, whereas 
its deletion from ACS2 considerably lowers its expression 
(compare lane 2 with 3 in Fig. 31IIB and lane 3 with 7 
in Fig. 311IA). Addition of the TNP ako reverses the 
inactive ACSI into an active isoenzyme in Saccharomyces 
cerevisiae (Table I). 

The sequence surrounding the TNP tripeptide is highly 
conserved in various ACC synthases (data not shown) 
and also in subgroup-I aminotransferases (AmT), which 
are close relatives of ACS (Mehta and Christen, 1994; 
Rottmann et al., 1991). Although TNP is not conserved 
in the AmT (Fig. IC), secondary structure analysis 
reveals that ACS and AmT have very similar secondary 
structures around the TNP tripeptide (Fig. 1C). 
According to tertiary structure of the chicken mito- 
chondrial aspartate AmT, a member of the subgroup-1 
AmT, the loop between Asn ~4 (Asn 2°6 in ACSI) and 
Gly 19~ (Gly 2°9 in ACSI) participates in the active site 
where Asn t94 interacts with the T-hydroxyl group of the 
pyridine moeity of the PLP co-factor (McPhalen et al., 
1992). The possibility exists that, because of the similar 
predicted ~condary structure between ACS and AmT, a 
similar loop is present in ACS. Since the TNP is located 
at the end of this putative loop, its absence may be 
responsible for the inability of Ash 2°6 to interact with the 
PLP cofactor and thus causes its inactivity. Furthern~ore, 
since ACSI is transcriptionary active in At (Liang et al., 
1992), the question arises whether the ACS1 polypep.tide 
is also inactive in the intact plant and what is its precise 
role during growth and development. The possibility 
exists that the ACS 1 polypeptide may be posttranslation- 
ally modified and is indeed active in the intact plant. It 
may also act as a dominant negative regulator of other 
ACS by forming heterodimers (Herskowi;.z, 1987). The 
purification and biochemical characterization of the 
native ACSI protein from intact At plants will address 
these various possibilities. 

TABLE I 

Expression of ACSI and AC$1 + TNP in Saccharumyces cerevisfad' 

Construct ACC accumulation 
(plasmid} (nmol/10 ~ cclls)/24 h 

pBM258 0.02 + 0.00 
pBM258-ACS I 0.04 _+0.02 
pBM258-ACSI +TNP 0.63_+0.08 

• The coding regions of ACSI and ACSI + TNP were subcloned into 
the BamHl site of the yeast expression vector pBM258 (Johnston and 
Davis, 1984} and introduced into yeast strain YM2061. The yeast cells 
were grown in YP media at 30°C for 24 h containing 2% galactose. 
The ACC released into the medium was assayed according to Lizada 
and Yang (1979). 

(e) Chronmsomal assigmnmt of the At ACS genes 
Various pseudogene sequences generally fall into two 

categories: (1) those that retain the intervening sequences 
found in their functional counterparts and (2) processed 
pseudogenes (Vanin, 1985). Apparently ACS3 belongs to 
the former. Plant pseudogenes of this kind have been 
found, for example, in the leghemoglobin gene family of 
soybean (Brisson and Verma, 1982), H4 histone genes of 
tomato (Kosciessa and Doenecke, 1990), and a small sub- 
unit of ribulose bisphosphate carboxylase genes of 
tobacco (O'Neal et ai., 1987). This type of pseudogenes 
are often present in gene dusters and believed to be 
resulted from gene duplication (Proudfoot, 1980). ACS3 
is the first pseudogene found in ACC synthase gene 
family. However, beside the finding of a pair of highly 
homologous and closely linked ACS genes in zucchini 
(Huang et al., 1991 ), tomato (Rottmann et al., 1991 ), and 
potato (Destefano-Beltrfin et al., 1995), there is no further 
evidence indicating clustering of ACS genes in the At 
genuine. By RFLP analysis using a population of 117 
re-inbred lines (Reiter et al., 1992a,b), we have mapped 
the five isolated ACS genes on the At chromosomes. The 
results are shown in Fig. 4. It appears that each individual 
ACS gene occupies a different At chromosome with ACSI 
on chromosome 3, ACS2 on chromosome 1, ACS3 on 
chromosome 4, ACS4 on chromosome 2 and ACS5 on 
chromosome 5, respectively (Fig. 4). Interestingly, ACSI 
and ACS3 are located on two different chromosomes, 
suggesting that the gene duplication is also coupled with 
an inter-chromosomal translocation. 

(f) Evolution of the At ACSI and ACS3 genes 
The nearly identical nt sequence between ACSI and 

ACS3 is observed throughout the Y-flanking, 
5'-untranslated, intervening and coding regions of the 
ACSI gene (Fig. IB), indicating that the duplication of 
.~CS3 from ACSI is a very recent evolutionary event. 
However, it is still not clear whether the gene duplication 
and the subsequent inter-chromosomal translocation 
happened as a single event or as two independent events. 
It should be pointed out that there are no repeats of any 
kind found in the nt sequence flanking the nearly identical 
regions. This observation raises the question whether the 
two At genes once existed as a counterpart of the closely 
linked gene pair found in zucchini (i.e., CP-ACSIA/IB; 
Huang et al., 199t), tomato (i.e., LE-ACSIA/IB; 
Rottmann et al., 1991) and potato (i.e., ST-ACSI/B; 
Dest~fano-Beltr~n et al., 1995). This seems highly 
unlikely since the two clustered genes involved in the last 
three cases diverge significantly in the flanking, 
untranslated and intervening sequences, implying that the 
related gene duplication happened much earlier in evolu- 
tion. In addition, the remarkable homology found in the 
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Fig. 4. Chromosomal assignment of the At ACS genes. Marker loci along the chromosome bars were ordered with a logarithm of odds (LOD) score 
difference > 3.0, markers to the right of each bar could not be ordered with equal ccnfidence (LOD score difference < 3.0). Distances between markers 
in cM (eentiMorgans) are shown on the left of each chromosome bar. For markers ordered with a LOD score less than 3.0, approximate distance 
from the corresponding LOD 3.0 marker is shown below. DNA from ACS ~. clones ( Liang et al., 1992) were mapped by RFLP analysis in a population 
of 117 inbred re-lines as described by Relier et al. (1992a,b). 

n t  sequence o f  the cod ing  regions  of  the two  closely l inked 

genes is indicat ive of  concer ted  evolut ion  (Dove r  et  al., 

1993). O u r  failure to  find the  3' po r t i on  of  the more  

recently c rea ted  A C S 3  gene in the A t  genome  a rgues  tha t  

the gene m a y  have  never  existed as a in tact  a n d  funct ional  
A C S  gene. Thus ,  unl ike the dupl ica ted  A C S  genes o f  zuc-  

chini,  t oma to ,  a n d  po ta to ,  the  A t  ACS3  resul ted p r o b a b l y  

f rom a very recent  par t ia l  i n t e r - ch romosoma l  gene dupl i -  

ca t ion  a n d  m a y  have  never  h a d  a n  o p p o r t u n i t y  to  

co-evolve with its ances t ra l  A C S I  gene. It is s imply wai t -  

ing for  its eventual  obl i te ra t ion  as one  o f  the  "relics o f  

evolut ion ' .  

(g) Conclusions 
(I) The five family members of the ACS gene family of 

At reside on different chromosomes. 
(2) The ACS3 gene, a homolog of ACSI, is a 

pseudogene originated by a partial interchromosomal 
gene duplication. 

(3) The  A C S I  is missing the highly  conserved  tr ipep- 

tide T N P  between Ile z°4 a n d  Ser 2°s resul t ing in inact ivi ty 

when expressed in E. coil a n d  yeast.  

ACKNOWLEDGMENTS 

This work was supported by grants to A.T. from the 
National Science Foundation (MCB-9316475) and the 
U.S. Department of Agriculture (5335-21430-00300D). 
Y.O. acknowledges the support of a JSPS Fellowship 
for Japanese Junior Scientists. We thank Ron Wells for 
editing the manuscript. 

REFERENCES 

Abel, S., Nguyen, M.D., Chow, W. and Theologis, A.: ACS4, a primary 
indoleacetic acid-responsive gene encoding l-aminocyclopropane- 
l-carboxylate synthase in Arabidopsis thaliana. J. Biol. Chem. 270 
(1995) 19093-19099. 

Abeles, F.B., Morgan, P.W. and Saltveit Jr., M.E.: Ethylene in Plant 
Biology. Academic Press, New York, 1992. 

Bahring, S., Sanding V., Lieber, A. and Strauss, M.: Mapping of tran- 
scriptional start and capping points by a modified 5' RACE tech- 
nique. BioTechniqocs 16 (1994) 807-808. 

Brisson, N. and Verma, D.P.S.: Soybean legbemoglobin gene family: 
normal, pseudo and truncated genes. Proc. Natl. Acad. Sei. USA. 
79 (1982) 4055-4059. 

Dest6fano-Beltt~,n, L.LC.. Van Caenegbem, W., Gielen, J., Richard, L, 
Van Montagu, M. and Van Der Straeten, D.: Characterization of 
three members of the ACC synthase gene family in Solanum tubero- 
sum L. Mol. Gen. Genet. 246 (1995} 496-508. 

Dover, G.A., Linares, A.R., Bowen, T. and Hancock, J.M.: Detection 
and quantification of concerted evolution and molecular drive. 
Methods Enzymol. 224 (1993) 525-541. 

EsteI!e, M.A. and Somerville, C.R.: The mutants of Arabidopsis. Trends 
Gent. 2 (1986) 89-93. 

Graf-Hausner, U., Wilson, K.J. and Christen, P.: The covalent structure 
of mitochnodrial aspartate aminotransferase from chicken. J. Biol. 
Chem. 258 (1983) 8813-8826. 

Herskowitz, I.: Functional inactivation of genes by dominant negativ( 
mutations. Nature 329 (1987) 219-222. 

Huang, P.-L., Parks, J.E., RoUmann, W.H. and Theologis, A.: Two 
genes encoding I-aminocyclopropane-I--carboxylate synthase in 
zucchini (Cucurbita pepo) are clustered and similar but differentially 
regulated. Proc. Natl. Acad. Sei. USA. 88 (1991) 7021-7025. 

Huang S., Hu, Y., Wu, C. and Holcenberg, J.: A simple method for 
direct cloning eDNA sequence that flanks a region of known 
sequence from total RNA by applying the inverse polymerase chain 
reaction. Nucleic Acids Res. 18 (1990) 1922. 

Johnston, M. and Davis, R.W.: Sequences that regulate the divergent 
GALI-GALIO promoter in Snccharomyces cerevisiae. Mol. Cell. Biol. 
4 (1984) 1440-1448. 

Kende, H.: Ethylene biosynthesis. Annu. Rev. Plant Physiol. Plant Mol. 
Biol. 44 (1993) 283-307. 

Kosciessa, U. and Doeneckc, D.: Nucleotidc sequence of a tomato H4 
historic pseudogene. Nucleic Acids Res. 18 (1990) 1645. 

Liang, X., Abel, S., Keller, J.A., Shen, N.F. and Tbeologis, A.: The 
l-aminocyclopropane-l-carboxylate synthase gene family of 
Arabidopsis thaliana. Pruc. Natl. Acad. Sei. USA 89 (1992) 
11046-11050. 

Lincoln, J.E., Campbell, A.D., Oetlker, J., RoUmann, W.H., Oeller, 
P.W., Sben, N.F. and Theologis, A.: LE-ACS4, a fruit ripening and 
wound-indueed l-aminocyclopropane.l-carboxylate synthas¢ gene 
of tomato (Lycopersicon escaleatnm). J. Biol. Chem. 268 (1993) 
19422-19430. 

Lizada, M.C.C. and Yang, S.F.: A simple and sensitive assay for 
l-aminocyclopropane-l-carboxylic acid. Anal. Biocbem. 100 
(1979) 140-145. 



24 

McPhalen, C.A, Vincent, M.G. and Jaosonios, J.N.: X-ray structure 
refinement and comparison of three forms of mitochondriol as:at- 
tare aminotransfcrase. J. Mol. Biol. 225 { 1992) 495-517. 

Mehta, P.K. and Christen, P.: Homology of l-aminocycloprupane-I- 
carboxylate synthase, 8-amino-7-oxononanoate synthase, 2-amino- 
6*caprulactam raccmace, 2,2-diakylglycine decarboxylase, gluta- 
mate-l-semialdehyde ~l-aminomutase and isopenicillin-N-epi- 
mera~ with aminotransferases. Biochcm. Biophys. Res. Commun. 
198 |1994) 138-143. 

Mehtn, P-K~ Hale, 1".I. and Christen, P.: Aminotransferases: demonstra- 
tion of homology and division into evolutionary subgroups. Eur. 
J. Biochcm, 214 (1993) 549-561. 

O'NeaL J.K, Pokalsky, A.R. Kiehue, K.L. and Sbewmaker, C.K.: 
Isolation of tobacco SSU genes: characterization of a transcription- 
ally active pseudogene. Nucleic Acids Res. 15 ~ 1987) 8661-8677. 

Prondfoot' N.: Pseadogenes. Nature 286 119801 840-841. 
Reiter, R.S, Williams, J.G.K, Feldmann, K.A., Rafalski, J.A., Tingcy, 

S.V. and Scolnik, P.A.: Global and local genome mapping in 
Arabidopsis thaliana by using recombinant inbred lines and random 
amplified polymorphie DNAs. Proc. Natl. Acad. Sci. USA 89 
(1992a) 1477-1481. 

Reiter, R.S, Young, R.M. and Scolnik, P.A.: Genetic linkage of the 
Arabidopsis genuine: methods for mapping with recombinant 
inbreds and random amplified polymorphle DNAs (RAPDs). In: 
Koncz, C., Chua, N.H. and Schell, J. I Eds.}, Methods in Arabidopsis 
Research. World Scientific, Singapore, 1992b, pp. 170-190. 

lost,  B. and Sander, C :  Pred~ctioa of protein secondary structure at 
bette¢ than 70% accuracy. J. MOl. Biol. 232 (1993J 584-559. 

Kottmann, W.H, Peter, G.F,  Oeller, P.W, Keller, J.A, Sben, N.F, 
Nagy, B.P, Taylor, L P ,  Campbell, A.D. and Tbeologis, A.: 
l-Aminocyclopropane-l-carboxylate synthase in tomato is encoded 
by a multigeue family whose transcnpti,an is induced during fruit 
and flower s e a n c e .  J. MOl. Biol. 222 i 1991 ) 937-961. 

Sambrook, J., Fritsch, E.F. and Maniatis, T.: Molecular Cloning- A 
Laboratory Manual, 2nd edition. CSHL, Cold Spring Harbor, 
NY, 1989. 

Sanger, F., Nicklen, S. and Coulson, A.R.: DNA sequencing with chain- 
terminating inhibitors. Proc. Natl. Acad. Sci. USA 74 (1977) 
5463-5467. 

Stodler, F.W., Rosenberg- A.H, Dunn, J.J. and Dubendorff, J.W.: Use 
of T7 RNA polymerase to direct expression of cloned genes. 
Methods Enzymol. 185 11990J 60-89. 

Vanin, E.F.: Processed pseudegenes: cF.aracteristics and evolution. 
Annu. Rev. Genet. 19 ( 19851 253-27Z 

Yang- S.F. and Hoffman, N.E.: Ethylene biosynthesis and its regulation 
in higher plants. Annu. Rev. Plant Physiol. 3511984) 155-189. 

Yip, W.K., Dong, J.G., Kenny, J.W., Thompson, G.A. and Yang, S.F.: 
Characterization and sequencing of the active site of 
I -aminocyclopropaue- I -carboxylate synthase. Proc. Natl. Acad. Sci. 
USA. 87 [ 1990J 7930-7934. 

Zarembiaski, T.I. and Theologis, A.: Ethylene biosynthesis and action: 
a case of conse~'ation. Planl Mol. Biol. 26 11994J 1579-1597. 


